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Abstract
Over 50,000 human West Nile Virus (WNV) clinical disease cases have been reported to the CDC 
during the 20 years that the virus has been present in the United States. Despite the establishment 
and expansion of WNV-focused mosquito surveillance and control efforts and a renewed emphasis 
on applying Integrated Pest Management (IPM) principles to WNV control, periodic local and 
regional WNV epidemics with case reports exceeding 2,000 cases per year have occurred during 
13 of those 20 years in the United States. In this article, we examine the scientific literature for 
evidence that mosquito control activities directed at either preventing WNV outbreaks or stopping 
those outbreaks once in progress reduce WNV human disease or have a measurable impact on 
entomological indicators of human WNV risk. We found that, despite a proliferation of research 
investigating larval and adult mosquito control effectiveness, few of these studies actually measure 
epidemiological outcomes or the entomological surrogates of WNV risk. Although many IPM 
principles (e.g., control decisions based on surveillance, use of multiple control methodologies 
appropriate for the ecosystem) have been implemented effectively, the use of action thresholds or 
meaningful public health outcome assessments have not been used routinely. Establishing 
thresholds for entomological indicators of human risk analogous to the Economic Injury Level and 
Economic Thresholds utilized in crop IPM programs may result in more effective WNV 
prevention.
Introduction
The first mosquito control operations targeting West Nile Virus (WNV) in the United States 
started on September 3, 1999 within hours of the New York City Department of Health 
receiving confirmation that a cluster of human disease cases with severe neurologic 
symptoms in the borough of Queens was caused by a mosquito-transmitted virus (GAO 
2000). By September 8, 1999, additional cases had been detected outside the initial outbreak 
area and mosquito control efforts were expanded citywide. Mosquito monitoring indicated 
that the Culex pipiens L. mosquito population had been reduced substantially by the control 
operations (CDC 1999) which likely contributed to the outbreak being limited to 62 
confirmed human cases (CDC 2019) out of the City’s 7.4 million residents in 1999. Over the 
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next several years, the geographic range of WNV expanded rapidly and reached the west 
coast of the United States by 2003 (Petersen et al. 2013).
The Nation’s public health and mosquito control communities mounted an aggressive 
response to the spread of WNV, the results of which are described in several recent review 
articles (Reisen and Brault 2007, Petersen et al. 2013, Roehrig 2013). There was a flurry of 
research activity to identify the primary vector mosquitoes and the avian species important 
in virus amplification. Enzootic and epizootic WNV surveillance was enhanced through 
development and implementation of new diagnostic tools. New communication and data 
sharing networks, such as the ArboNet system (Lindsey et al. 2012), were developed to 
improve information dissemination. By 2005, the Nation’s WNV knowledge base and 
surveillance systems had vastly improved (Hadler et al. 2015). As a result, mosquito control 
programs had information essential to their new mission of reducing WNV disease.
Though a comprehensive analysis of changes made by mosquito control programs to address 
WNV is not available, efforts to adapt to WNV were extensive. These efforts ranged from 
implementing new arbovirus surveillance protocols, to adopting rapid diagnostic tests for 
WNV in mosquito pools to quickly obtain mosquito infection rate information, and to 
refocusing control resources to manage mosquitoes produced in the thousands of urban/
suburban storm water catch basins in areas where Culex pipiens and Culex quinquefasciatus 
Say were important WNV vectors.
Efforts to control the periodic WNV outbreaks have proven to be very expensive. In the first 
WNV outbreak response, New York State estimated that the state, city, and four counties in 
the affected area spent more than $14M on protective measures such as mosquito control 
from late August through October 1999 (GAO 2000). Additional mosquito control activities 
associated with the 2002 WNV outbreak in St. Tammany Parish (Louisiana) cost the 
mosquito control district $1.7M over their usual $2M annual budget (Palmisano et al. 2005). 
The Sacramento-Yolo Mosquito and Vector Control District spent $700,000 on aerial ULV 
applications alone in response to the 2005 WNV epidemic in Sacramento, CA. The cost of 
aerial ULV applications in Dallas County, TX, during the 2012 WNV outbreak was 
approximately $1.7M (Chung et al. 2013). Despite the increased expenditures and extensive 
modifications and improvements made to mosquito surveillance and control, WNV has 
caused over 50,000 confirmed human cases from 1999 – 2018 in the United States (CDC 
2019). During 13 of those years, transmission was very intense in many areas and the total 
number of reported cases exceeded 2,000 per year (CDC 2019).
It is widely accepted that Integrated Vector Management (IVM) programs that make 
evidence-based control decisions with information derived from well-designed surveillance 
systems, and that utilize a diversity of ecologically-appropriate control tools, can effectively 
reduce vector abundance and human WNV risk (CDC 2013). Supporting part of this 
assumption is ample scientific information demonstrating that currently available control 
methods can reduce larval and adult mosquito abundance. However, research specifically 
addressing the effectiveness of IVM programs in reducing human WNV disease is lacking 
(Bellini et al. 2014). Few publications directly measure the effect of IVM on reducing the 
number of human cases or on reducing the infection rate in vectors or the Vector Index, 
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surveillance indices which are associated with human risk (Bolling et al. 2009, Kwan et al. 
2012, Colborn et al. 2013, Chung et al. 2013, Kilpatrick and Pape 2013). Our objective here 
is to review several publications that measured those direct indicators of human WNV risk in 
response to the application of IVM to controlling ongoing outbreaks (reactive control, as 
described by Reisen and Brault 2007), or to preventing outbreaks from developing (proactive 
control, Reisen and Brault 2007). We also discuss how developing and incorporating action 
thresholds derived from surveillance programs and based on Integrated Pest Management 
(IPM) principles may improve the ability to reduce WNV risk.
Reactive Control of WNV Outbreaks
Mosquito control programs in the Unites States frequently have initiated enhanced mosquito 
abatement activities in response to ongoing vector-borne disease outbreaks. Under these 
crisis-driven circumstances it is often difficult to develop and execute a robust vector control 
plan and to simultaneously evaluate its effectiveness. As a result, there are only a few 
documented accounts of the direct effects of vector control activities implemented during 
ongoing vector-borne outbreaks in the United States, including the West Nile outbreaks that 
have occurred since 1999.
In 2002, the St. Tammany Parish Mosquito Abatement District (STPMAD) anticipated the 
arrival of WNV and implemented an IVM approach targeting the primary WNV vector, Cx. 
quinquefasciatus. The STPMAD conducted vector surveillance and preventive control 
activities throughout the winter and spring months (Palmisano et al. 2005). Despite these 
efforts, human WNV cases were detected in the Parish beginning in June, and a total of 40 
cases were detected by the end of 2002 (Balsamo et al. 2003). Intense control activities 
against both larval and adult mosquitoes were executed by STPMAD. They reported that, 
compared to control activities during the prior 5 years, aerial ULV adulticiding increased 
450%, ground ULV adulticiding by 63% and larviciding by 46% throughout St Tammany 
Parish during the outbreak period. The result was a 2 to 10-fold reduction in adult mosquito 
abundance compared to their prior 5-year average (Palmisano et al. 2005) and human WNV 
cases in the Parish declined from 27 in July to 6 in August. With the exception of a case in 
late November, human cases in St. Tammany Parish ceased by the end of August (Palmisano 
et al. 2005). Human WNV cases in the remainder of Louisiana were detected until 
December 2002 (Balsamo et al. 2003) suggesting continued WNV transmission in the other 
parts of the state. Subsequent observations showed that 16% of human WNV neuro-invasive 
disease cases in Louisiana from 2002 – 2016 occurred in July, 46.6% occurred in August, 
and 24.1% occurred in September (Louisiana Office of Public Health 2016). Taken together 
these data provided evidence that the IVM efforts by the STPMAD preceding and during the 
outbreak in 2002 suppressed human WNV infections and likely helped prevent a much 
bigger outbreak.
In Sacramento County, California, a reactive control approach targeting Cx. pipiens and Cx. 
tarsalis Coquillett was implemented in 2005 to prevent WNV transmission to humans. 
Despite early-season larval control and limited truck-based adulticiding efforts, human 
WNV cases reached outbreak proportions in August 2005 (Carney et al. 2008). In an effort 
to reduce WNV transmission to humans, the Sacramento-Yolo Mosquito and Vector Control 
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District used aerial adulticide applications of pyrethrin. The applications were conducted on 
three consecutive nights in two treatment areas. Before and following the adulticide 
applications, mosquito abundance was measured using CO2-baited traps. Results indicated a 
75.0% reduction in the abundance of Cx. pipiens and a 48.7% reduction in the abundance of 
Cx. tarsalis in the treated area compared to untreated areas (Elnaiem et al. 2008). In addition, 
they noted that the WNV infection rate in vector mosquitoes fell from 8.2/1000 before 
treatment to 4.3/1000 after treatment while the infection rate in untreated areas increased 
from 2.0/1000 to 8.7/1000 over the same time period. Occurrence of new human WNV cases 
also declined in in the treated areas. Before the treatments there was no difference in the 
incidence of human WNV cases among the treated and untreated areas. After the aerial 
adulticide applications, the human WNV case incidence in treated areas was significantly 
lower than in the untreated areas and the odds of human WNV infections were 
approximately six times higher in the untreated areas compared to the treated areas (Carney 
et al. 2008). These studies provided evidence that intensive aerial ULV application of 
pyrethrin in 2005 reduced the abundance of infected WNV vectors and decreased the 
number of human cases.
In the summer of 2012, Texas experienced a WNV epidemic, with the most severe outbreak 
occurring in four north-central counties, Denton, Collin, Tarrant and Dallas, which 
accounted for 42% (356) of the 844 total cases reported by the state that year (CDC 2013, 
Chung et al. 2013). Those counties initially responded by increasing the intensity of 
mosquito control activities primarily through larviciding and limited adulticiding using 
truck-mounted ULV sprayers. In mid-August, aerial insecticide applications were initiated to 
try interrupting WNV transmission to humans. Spraying was conducted three times between 
8/16/2012 and 9/2/2012. Ruktanochai et al. (2014) evaluated the effect of the aerial 
adulticiding applications on the incidence of human disease and found that WNV 
neuroinvasive disease incidence decreased from 7.31/100,000 before treatment to 
0.28/100,000 after treatment in the treated area, producing a pre-treatment:post-treatment 
incidence rate ratio (IRR) of 26.42 (95%, CI: 12.42–56.20). The incidence decreased in 
untreated areas as well from 4.80/100,000 in the period before the insecticide was applied in 
the treated area to 0.45/100,000 in the post-treatment period, producing a pre-treatment:post-
treatment IRR of 10.57 (95%, CI: 0.98–6.35) (Ruktanochai et al. 2014). By comparing the 
IRR in the treatment area to the IRR in the untreated area (26.42/10.57) the authors 
concluded that the decrease in neuroinvasive disease incidence was 2.5 times greater in the 
treated area, despite the fact that the WNV outbreak was already waning by the time the 
aerial adult control was conducted (Chung et al. 2013).
In the city of Chicago, ground ULV treatments with sumithrin were used to target WNV 
vectors, primarily Cx. pipiens, during a WNV outbreak in 2005 (Mutebi et al. 2011). Two 
treatments applied 7 days apart during the week of July 31 and the week of August 7 
reduced adult mosquito abundance 54% in the treated areas. During the same period, 
mosquito abundance increased by 153% in the untreated areas (Mutebi et al. 2011). A 
second round of two ULV treatments applied during the weeks of August 21 and August 29 
resulted in a 29% reduction in abundance compared to before the treatments. Though there 
was no detectable change in the WNV infection rate in these mosquito populations 
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following the control activities, the treatments likely reduced human risk by decreasing the 
overall abundance of infected Culex mosquitoes in the treated areas.
A study of how vector control programs in Cook County, IL addressed the WNV outbreak in 
2002 suggested that differences in vector control practices among the mosquito abatement 
districts (MADs) may have contributed to the higher incidence of WNV human cases in 
some of the MADs (Tedesco et al. 2010). This study compared human WNV case incidence 
among MADs in relation to local characteristics such as housing, income levels, physical 
environment and MAD control activities. They found that MADs that did minimal larval 
control in catch basins and minimal or no adult mosquito control had higher WNV case 
incidence rates. Although this study did not compare vector abundance or infection rates 
across MADs in Cook County, it provided indirect evidence that “vigorous and timely vector 
control and education policies” enacted by two of the four vector control agencies resulted in 
less human WNV disease than in the other two agencies with “limited and less cohesive 
programs”.
The studies discussed above show that reactive vector control activities during WNV 
outbreaks were effective in reducing mosquito vector abundance and human WNV case 
numbers if applied intensively, and may be most effective if applied early in the outbreak 
period (Chung et al. 2013).
Proactive Prevention of WNV outbreaks
A commonly identified principle among the numerous definitions of IPM (Bajwa and Kogan 
2002) is that appropriate control procedures should be used to maintain pest populations at 
levels that do not produce unacceptable amounts of damage. In the case of IVM for WNV, 
that means applying pre-emptive or proactive measures that will prevent WNV transmission 
intensity from reaching levels that produce outbreaks of human disease. This is frequently 
stated as an objective in mosquito control program management plans, and as noted above, 
there are numerous examples in the literature documenting the effect of control operations 
on vector abundance. Culex pipiens larval abundance in catch basins can be effectively 
reduced through a variety of insecticide treatments and is associated with reductions in adult 
mosquito abundance (Harbison et al. 2014, 2018). Truck-based ULV-application of mosquito 
adulticides has given variable results depending on habitat structure and weather conditions 
(Mount 1998, Bonds 2012), may not effectively reduce Cx. pipiens abundance in some 
settings (Reddy et al. 2006), though it may result in area-wide vector mosquito population 
suppression in other settings (Lothrop et al. 2007). The effectiveness of aerial ULV 
application of insecticides for adult mosquito control is also variable, and is similarly 
influenced by habitat structure and weather (Mount et al. 1996, Bonds 2012), and both 
truck-based and aerial ULV application effectiveness may be influenced by insecticide 
resistance, which is known to vary considerably among local vector populations (Zhou et al. 
2009, Richards et al, 2017, Richards et al. 2018). However, aerial ULV applications can 
significantly reduce mosquito abundance for short durations ranging from 5–6 days, over 
large areas (Andis et al. 1987, Simpson 2006). While these studies demonstrate that vector 
abundance can be reduced through proactive control measures using insecticides, none 
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demonstrated that the effect on the vector population was sufficient to reduce WNV 
transmission activity or human WNV risk.
Fortunately, there are a few studies that have monitored WNV transmission indicators such 
as WNV infection rate in vector populations in response to IVM activities. These efforts to 
assess the effectiveness of proactive measures on WNV transmission risk are described 
below.
McMillan et al. (2019) applied larvicides to catch basins in urban park areas of Atlanta, GA 
over the course of 2 seasons. They documented >90% reductions in larval/pupal production 
in catch basins, but there was no concurrent reduction in adult Culex abundance or the WNV 
infection rate in the adult vector population. This was likely due to the relatively small size 
of the areas treated relative to the large number of vector production sites available.
Lothrop et al. (2008) evaluated the ability of intensive, early-season adult mosquito control 
operations to limit WNV amplification in an area at the north shore of the Salton Sea and to 
reduce spread of WNV to other areas of the Coachella Valley in southern California. 
Wetlands at the north shore of the Salton Sea were known to be foci of early season 
arbovirus amplification that subsequently spread to adjacent areas with large human 
populations. Over the course of the first two years of the study, they determined that reactive 
ground-based ULV applications and limited aerial ULV applications were insufficient to 
reduce vector mosquito abundance, WNV infection rate in mosquitoes or spread of WNV 
transmission out of the local area. However, during the third year of the study, intensive, 
multiple ULV applications of pyrethrin insecticide by air and ground that commenced at the 
first detection of WNV in mosquitoes and continued weekly for a total of 26 aerial ULV 
applications and 31 ground ULV applications resulted in an average 61% reduction in vector 
abundance after each treatment. This decrease in vector abundance was associated with 
reductions in infection rate in the treated areas, and reduced expansion of WNV to other 
areas of the Coachella Valley.
Macedo et al. (2010) described the effect of an intensified aerial ULV control effort on 
WNV transmission activity in Sacramento County, CA. By late July 2007, WNV infection 
rates in Cx. tarsalis and Cx. pipiens had exceeded levels of concern established by the 
California Dept. of Health that would warrant an additional control response (California 
Department of Public Health 2018). The Sacramento-Yolo Mosquito and Vector Control 
District conducted aerial ULV applications of a piperonyl butoxide synergized pyrethrin to a 
215 km2 area each day for 3 successive days. The results showed a 57% decrease Cx. 
tarsalis abundance and a 40% reduction in Cx. pipiens abundance, and the WNV minimum 
infection rate in Cx. tarsalis decreased by 77% and by 21% in Cx. pipiens during the 3 days 
following the control treatments compared to the three days prior to control applications. 
This suggests that the control activities may have reduced the risk of WNV transmission to 
humans by effectively reducing the population of infected adult mosquitoes at the target 
area. Unfortunately, the longer-term effectiveness of the control measures was not reported.
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IPM for WNV management
The few studies cited above indicate that reactive control measures implemented to stop an 
ongoing WNV epidemic can be effective if sufficiently intensive. However, reactive 
measures are very expensive and, unfortunately, are often initiated after numerous human 
cases have been reported and many more people have been infected (Chung et al. 2013). As 
a result, reactive efforts to reduce human WNV risk often start after most of the human 
infections have already occurred and the epidemic is already starting to decline naturally. 
The number of cases prevented is lower than if control activities were implemented earlier in 
the WNV enzootic-epizootic transmission season. This could be remedied by assuring that 
surveillance systems monitoring vector abundance and WNV infection rate in vectors are 
sufficiently sensitive to detect increasing WNV transmission, are coupled with response 
plans that establish evidence-based guidelines for when to intensify control efforts, and have 
action thresholds that would indicate control efforts are required before epidemic 
transmission ensues. One example of such a program is the WNV risk assessment system 
contained in the California Mosquito-Borne Virus Surveillance and Response Plan 
(California Department of Public Health 2018). This algorithm utilizes data from several 
WNV surveillance elements: vector surveillance (abundance and infection rate); avian 
surveillance (seroconversion in sentinel chickens and counts of dead birds); environmental 
conditions (temperature); and human case surveillance. A value is assigned to each of the 
elements, which are then combined to provide an estimate of risk based on historical 
experience and a systematically collected surveillance database. The three categories of 
increasing risk defined in the plan (Normal Season, Emergency Planning, Epidemic 
Conditions) are accompanied with response recommendations that scale up intensity of 
surveillance, control and other prevention activities accordingly. Although the California 
Mosquito-Borne Virus Surveillance and Response Plan and similar plans provide general 
guidance for increasing control activities based on evidence of increasing WNV 
transmission intensity (e.g., Bajwa et al. 2018, CDC 2013), they do not provide the detailed 
data and explicit guidance essential for an effective proactive WNV prevention plan.
Mosquito control operations charged with implementing IVM programs to reduce WNV risk 
have adopted most Integrated Pest Management principles. Many programs are based on a 
good understanding of the biology of the vector species they are targeting; they conduct 
robust WNV vector and virus monitoring; control decisions are based on surveillance data; 
they utilize a variety of control protocols (source reduction, larval mosquito control, adult 
mosquito control); they employ a variety of pesticide formulations and active ingredients; 
and they monitor the effectiveness of their control activities and adjust procedures as needed. 
However one of the key elements lacking from WNV IVM programs is determining levels of 
mosquito abundance and virus transmission activity that must be maintained in order to 
prevent WNV outbreaks from developing.
Classical approaches to IPM in agricultural systems are based on the concept that some level 
of pest activity is tolerable as long as it doesn’t result in excessive economic loss, and 
control actions must be taken at a point before unacceptable losses occur (Stern et al. 1959). 
Control decisions are based on knowledge of the pest densities associated with unacceptable 
losses and surveillance systems that can accurately quantify pest densities. Applying that 
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concept to a WNV IVM system is illustrated in Figure 1. The Enzootic Equilibrium is what 
Stern et al. (1959) refer to as the General Equilibrium Position of the pest population. This is 
a low level of WNV transmission activity detected by the surveillance system that is usually 
seen throughout the season during non-outbreak years. The Outbreak Threshold is analogous 
to the Economic Threshold in agricultural IPM and is the level below which WNV 
transmission must be maintained by control activities to prevent unacceptable numbers of 
human cases. The Epidemic Level is analogous to the Economic Injury Level and is the level 
of WNV activity the surveillance system indicators show are associated with epidemic years, 
or unacceptable numbers of human cases. During Non-Outbreak years (Fig. 1) when 
weather and other factors don’t promote the expansion of WNV transmission from enzootic 
to epizootic and the surveillance indicators vary around the Enzootic Equilibrium Level, no 
extraordinary control activities are required to keep human WNV risk at acceptable levels. 
During years when conditions promote early-season amplification and surveillance 
indicators demonstrate that WNV transmission is approaching levels associated with 
unacceptable human risk, control activities can be used to maintain transmission and human 
risk at acceptable levels (Fig. 1: IVM Implemented). If effective, these measures can prevent 
amplification and human risk from reaching epidemic levels (Fig. 1. WNV Outbreak Year).
Weather (temperature and precipitation) affects WNV transmission dynamics in the different 
ecosystems across the United States and can be broadly predictive of WNV transmission 
levels (e.g., Hahn et al. 2015, Shand et al. 2016, Davis et al. 2018). Mosquito-based 
surveillance systems also produce good indicators of human risk in the form of the WNV 
infection rate in the mosquito population or the Vector Index that reflects the abundance of 
WNV-infected mosquitoes (Bolling et al. 2009, Jones et al. 2011, Kwan et al. 2012, 
DeFelice et al. 2017). However, we have not combined these factors to determine how low 
WNV transmission must be kept in an area over the course of a transmission season to 
prevent epidemic conditions from developing. Action thresholds that quantitatively relate 
surveillance indicators such as the infection rate or Vector Index to human risk are essential 
for fully implementing a comprehensive WNV IVM program. Without them, we are unable 
to determine when to implement intensified control activities, how long they should be kept 
in place, or, critically, if the available interventions are capable of reducing the risk 
indicators to the needed levels.
Developing action thresholds that are useful in operational mosquito control programs is 
likely to be an immensely complex undertaking, given the variation that exists in WNV 
transmission ecology and in the variation in local WNV surveillance practices. Thresholds 
for specific WNV eco-regions may be useful, but more local-scale IVM thresholds may be 
required. Although this may be daunting, there have been recent developments in modeling 
WNV that evaluate the interactions of weather, landscape structure, vector life history, WNV 
transmission dynamics, WNV surveillance indicators, and human demography with human 
cases; and these may provide valuable insight into how these thresholds may be derived and 
tested. For example: Bouden et al. (2008) included the potential effects of larval control in 
their model of enzootic-epizootic WNV transmission; Malik (2018) included the effects of 
both larval control and adult mosquito control in a model of enzootic-epizootic WNV 
transmission; Pawalek et al. (2014) modeled the effects of adult mosquito control on WNV 
transmission and provided some insights into how effective control must be to prevent 
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epidemic conditions from developing; and Thomas et al. (2009) speculated in their model 
evaluation that intensive control of the adult vector population in the Fall may have the 
greatest potential for reducing WNV amplification the following transmission season. 
Although these models suggest how WNV risk may be reduced and may lead to developing 
useful action thresholds, their assumptions must be evaluated in operational IVM programs.
Summary
There is strong evidence that, if implemented with sufficient intensity, reactive adult 
mosquito control can measurably reduce the entomological indicators of WNV transmission 
activity, resulting in fewer human WNV cases than if the emergency control measures had 
not been executed. Unfortunately, there are few published accounts of proactive mosquito 
control measures maintaining WNV risk indicators below outbreak levels. Although it is 
generally accepted that routine IVM practices employed by MADs can reduce WNV risk 
and prevent WNV outbreaks, it is difficult to validate that assumption. It would be 
experimentally difficult, as well as ethically questionable, to conduct a controlled 
experiment in which vector control is withheld from a portion of a community at risk for 
WNV. However, if entomological indicators of WNV risk could be identified and established 
as IPM-style thresholds, we could evaluate the ability of proactive control measures to 
maintain WNV risk indicators below those levels during weather conditions that would 
otherwise promote outbreak-levels of WNV activity.
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Figure 1. 
Representation of a WNV Integrated Vector Management system showing the relationships 
among action thresholds and hypothetical WNV transmission activity levels during a non-
outbreak year, an uncontrolled outbreak year, and a year when effective IVM 
implementation maintains transmission intensity below epidemic levels (based on similar 
representations of agricultural IPM systems in Stern et al. 1959)
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